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A B S T R A C T
The Middle Triassic shallow marine carbonates of the SE Pannonian Basin (Szeged Dolomite Formation) show
evidence for multistage dolomitization and a complex diagenetic history. In ﬁrst stage the whole sequence was
completely dolomitized by reﬂux of slightly evaporated seawater. This process took place from the near surface
till shallow burial realms and resulted in the formation of both fabric-preserving and fabric-destructive dolomite
types.
In the following stage nonplanar matrix dolomite and saddle dolomite cement were formed in the inter-
mediate and/or deep burial realm. These later dolomite phases are likely generated by invasion of exotic ﬂuids at
relatively high temperature evidenced from the ﬂuid inclusion homogenization temperatures, and stable isotope
compositions. Vuggy, fracture, and solution enhanced porosity are also related to this local hydrothermal event.
Microthermometry performed on saddle dolomite-hosted primary ﬂuid inclusions conﬁrm the presence of hot
(138–235 °C) and moderately saline brines (4.1–8.7 mass% NaCl equivalent). The calculated δ18Owater and the
measured δDwater values of the ﬂuid inclusions from the saddle dolomite cement together with the relatively low
salinity values indicate a metamorphogenic (and/or magmatic) origin of the hydrothermal ﬂuid that probably
was channeled along the Upper Cretaceous subhorizontal overthrust zones.
The pores formed by the leaching eﬀect of these hydrothermal ﬂuids were subsequently partly occluded by
meteoric calcite during the Paleogene–Middle Miocene subaerial exposure but a remarkable part was preserved,
and currently serves as reservoir space.
Such an integrated study of the diﬀerent dolomite and porosity types, the understanding of their genesis, and
timing relative to hydrocarbon maturation and migration could aid in exploration and development.
1. Introduction
Pervasive dolomitization of a carbonate sequence is commonly the
result of multiphase processes (Sun, 1994; Budd, 1997; Warren, 2000;
Machel, 2004). These diﬀerent dolomitization mechanisms are at the
center of interest since decades due to the scientiﬁc signiﬁcance and
high economic value of dolomite bodies. Dolomitization is one of the
most signiﬁcant diagenetic processes that may lead to the modiﬁcation
of original porosity and permeability of a carbonate body, thus con-
trolling the most important reservoir properties (Machel, 2004; Davies
and Smith, 2006).
Most of the massive dolostone reservoirs were initially formed by
early diagenetic processes that mainly related to seawater (Sun, 1994;
Qing et al., 2001; Machel, 2004), however, in recent decades, there is
an increasing interest in structurally controlled hydrothermal dolomite
bodies due to their excellent potential as reservoirs and hosts to Mis-
sissippian Valley-type (MVT) ore deposits (Davies and Smith, 2006).
Most documented hydrothermal dolomite reservoirs occur in lime-
stones (Smith, 2006; Davies and Smith, 2006; Ronchi et al., 2012;
Gomez-Rivas et al., 2014; Jacquemyn et al., 2014; Sirat et al., 2016;
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Hips et al., 2016; Mansurbeg et al., 2016) because the hydrothermal
alteration is less obvious in the case of completely dolomitized regional
formations. Despite this, they are probably at least as common as hy-
drothermally dolomitized limestones (e.g., Nader et al., 2004; Lonnee
and Machel, 2006; Guo et al., 2016; Jiang et al., 2016).
The Hungarian part of the Pannonian Basin is a mature exploration
area where the reservoir rocks are highly variable (Dank, 1988; Kókai
and Pogácsás, 1991). The Middle Triassic carbonate sequences in the
southeastern Pannonian Basin were pervasively dolomitized and are
attractive targets for hydrocarbon exploration (Bércziné Makk, 1986;
Garaguly et al., 2017). Nonetheless, the dolomitization mechanisms
and origins of these dolomite rocks have not been investigated and
explained yet, only dolomite occurrences of the northwestern part of
the Pannonian Basin, belonging to the Alcapa mega-unit, have ex-
tensively been studied (e.g., Haas et al., 2015, 2017; Hips et al., 2015,
2016).
In this study, detailed macroscopic, microscopic, and cath-
odoluminescence petrography, geochemical investigations (including
determination of carbon, oxygen, and strontium isotopic composition of
carbonates as well as hydrogen isotopic composition of ﬂuid inclusion
hosted waters), and ﬂuid inclusion microthermometry, as well as
Raman microspectroscopy were carried out on the aforementioned
Middle Triassic dolomite samples cored from a small natural gas re-
servoir. These data allowed to identify the main dolomitization me-
chanisms, the timing of a subsequent hydrothermal alteration, as well
as the ﬂow regimes, sources, and chemistries of the involved ﬂuids.
The main signiﬁcance of this case study derives from the following
points: (1) presenting a complex diagenetic history including multiple
dolomitization and alteration, porosity formation and charging of hy-
drocarbons into a natural gas reservoir; (2) application and integration
of Raman spectroscopy and hydrogen isotope data measured from ﬂuid
inclusions into a complex diagenetic context; (3) demonstration of
geochemical evidence for the signiﬁcance of metamorphic and/or
magmatic ﬂuids in the hydrothermal alteration of a dolomite body.
2. Geological setting
2.1. Regional geology
The Pannonian Basin is a young depression within the European
Alpine–Carpathian orogenic belt ﬁlled predominantly with Neogene
formations (Fig. 1). Due to its complex Mesozoic to Neogene evolution
(e.g., Csontos et al., 1992; Tari et al., 1999; Csontos and Vörös, 2004;
Schmid et al., 2008), the Pannonian Basin consists of several deep sub-
basins that are separated by uplifted basement highs (e.g., Tari et al.,
1999; Juhász et al., 2002; Matenco and Radivojević, 2012). One of
these sub-basins is the so-called Szeged Basin, where the pre-Cenozoic
basement is made up by Variscan metamorphic rocks, Upper Paleozoic
to Lower Triassic siliciclastic formations as well as Middle Triassic
shallow marine mudrocks and carbonates. Due to tectonically-induced
uplift and intense denudation during the Late Cretaceous and Early
Neogene, the post-Triassic Mesozoic formations are totally absent
(Bércziné Makk, 1986). The studied Mórahalom–1 (M− 1) well is lo-
cated in the southern margin of the Szeged Basin (Hungary) (Fig. 2).
Based on regional correlation studies and tectonic history of the
Pannonian Basin, the basement of the Szeged Basin belongs to the Tisza
mega-unit (Tisia composite terrane or Tisia microcontinent, as referred
elsewhere) that is a large lithosphere block with complex internal
structure (e.g., Haas and Péró, 2004 and references therein). The Tisza
mega-unit forms a more than 100,000 km2-large lithosphere fragment
that was part of the southern margin of the Variscan Europe. This mi-
croplate was separated from Europe during the Jurassic, and then un-
derwent complicated drifting and rotational processes until it occupied
its current setting in the Pannonian Basin during the Early Miocene
(e.g., Csontos et al., 1992; Csontos and Vörös, 2004; Szederkényi et al.,
2013). Predominantly, it is covered by thick Cenozoic sequences, but
basement outcrops occur in the Papuk–Krndija Mts (NE Croatia), in the
Mecsek and Villány Mts (SE Hungary), and in the Apuseni Mountains
(Romania) (Fig. 1). It is widely accepted, based on paleontological and
sedimentological evidence (Nagy, 1968; Mader, 1992; Török, 1997,
1998; Haas and Péró, 2004), that much of the Triassic successions of the
Tisza mega-unit show similarities with the tripartite Germanic epi-
continental sequences.
In the Szeged Basin, the Lower Triassic is represented by gray, red,
and lilac continental sandstones (Jakabhegy Sandstone Formation).
Lower Anisian “Werfen-type” variegated or red shales are frequently
reported. The higher part of the Anisian and the Ladinian is represented
by shallow-marine lagoonal dolomites (Bércziné Makk, 1986). These
sediments were deposited on a huge ramp system on the southern
margin of the European continental plate and the northern shelf of the
Tethys (Bleahu et al., 1994; Török, 1998; Haas and Péró, 2004). The
early rifting stage during the Middle Triassic caused disintegration of
this ramp system and resulted in the opening of incipient oceanic
branches of the Neotethys. Diﬀerentiation of this huge, mostly dolo-
mitic ramp began in the Late Anisian and resulted in the formation of
intrashelf basins and carbonate platforms within the Tisza mega-unit
(Bleahu et al., 1994; Konrád, 1998; Haas et al., 1999).
This study focuses on the Late Anisian to Early Ladinian carbonate
rocks that are classiﬁed as Szeged Dolomite Formation (SDF) in the
local lithostratigraphy. It is characterized by a brecciated shallow
marine dark gray dolomite sequence with a rather board range of
thicknesses (20–677m) in complicated structural positions (Bércziné
Makk, 1986). Generally, its fossil record is poor but algal fragments,
foraminifers composed of Hoyanella, Glomospirella, and Glomospira-
dominated assemblage, echinoderms, mollusks, and ostracods were
reported from some localities (Bércziné Makk, 1986; Szurominé Korecz
et al., 2018).
According to several authors (Bércziné Makk, 1986; Garaguly et al.,
2017; Szurominé Korecz et al., 2018), most of the examined sediments
formed under shallow marine conditions including tidal ﬂat, backreef-
lagoon, and carbonate sand shoal environments. The dark color of do-
lomites and the identiﬁed fossil assemblage suggest a restricted, anoxic
environment and waters of elevated salinity during the deposition. The
basin-wide absence of gypsum/anhydrite within the SDF, however,
suggests that evaporated sea water did not reach the salinity required
for abundant gypsum precipitation (Szurominé Korecz et al., 2018).
Based on textural observations (Garaguly et al., 2017), these sedi-
ments were completely dolomitized by either fabric-preserving or
fabric-destructive processes. Diﬀerences among the observed dolomite
fabrics suggest multiple dolomitization episodes. The main dolomiti-
zation events produced aphanocrystalline to ﬁnely crystalline planar-s
dolomite type, that were followed by the formation of porphyrotopic
dolomite and pore-ﬁlling saddle dolomite (Garaguly et al., 2017). These
carbonate rocks serve as good aquifers (Stevanović et al., 2015) and
hydrocarbon reservoirs in this region of Hungary with signiﬁcant hy-
drocarbon production (Bércziné Makk, 1986; Dank, 1988; Teleki et al.,
1994). Nonetheless, detailed geochemical studies dealt with the SDF
have not been published yet.
2.2. Post-Triassic tectonic and magmatic activity
After the Triassic, a long lasting extensional regime prevailed in the
studied area, and the subsidence of the basin continued during the
Jurassic and into the Early Cretaceous time (Haas and Péró, 2004). As a
result, the studied succession reached the dry gas zone, but it could not
suﬀer considerably greater heating than its present day temperature
(142–184 °C) in the northern part of the Szeged Basin (Póka et al.,
1987).
After the deposition of the Triassic sediments, the most signiﬁcant
compressional tectonic event was the Eoalpine tectonic phase (Austrian
and Laramian phases) which created complicated nappe systems
(Fig. 3a). These processes resulted in widespread presence of
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subhorizontal, north-northwest-directed thrusts throughout the base-
ment of the Pannonian Basin (e.g., Tari et al., 1999; Csontos and Vörös,
2004; Matenco and Radivojević, 2012; Molnár et al., 2015; Reiser et al.,
2016). The locally occurring Late Cretaceous (95–82 Ma) tectonome-
tamorphism was presumably related to these overthrust zones where
the Lower to Middle Triassic sediments could be aﬀected by low-grade
metamorphism (Árkai et al., 2000; Árkai, 2001).
In the basement of the SE part of the Pannonian Basin, several small
subvolcanic intrusions and dykes of granite, granodiorite, and diorite
with white mica K–Ar ages of 64–75 Ma were encountered
(Szederkényi, 2007). They are probably in a close genetic relationship
with the so-called ‘banatite’ magmatism of similar age in the Apuseni
Mts. and the South Carpathians (Szederkényi, 1984, 2007; Haas and
Péró, 2004; Szederkényi et al., 2013). In the eastern part of the Tisza
mega-unit, the 'banatitic’ calc–alkaline magmatism was accompanied
by the subduction of the Vardar oceanic branch and by the collision of
continental blocks during the Cretaceous–Paleocene (e.g., Berza et al.,
1998; Merten et al., 2011). Numerous geochronological data from these
volcanic and plutonic rocks display ages from 65 to 92 Ma (e.g.,
Ciobanu et al., 2002; Neubauer, 2002 and references therein).
Small elongated ‘banatite’ intrusions in the southern part of the
Great Hungarian Plain are accompanied by relatively broad
(400–600m), tourmaline-rich muscovite schist aureoles, with an
ENE–WSW strike. In some boreholes (Fig. 2) only contact pneumato-
lytic-hydrothermally altered zones can be found (Szederkényi, 1984,
2007; M. Tóth, 2008; M. Tóth et al., 2017).
Due to the back-arc type extension during the Middle Miocene,
metamorphic core complexes were formed by the exhumation of a
series of crystalline domes along low-angle normal faults (Tari et al.,
1999; Matenco and Radivojević, 2012). During the Badenian, as a
progression of this extensional tectonics, horst-graben structures
formed along N–S striking normal faults (Fig. 3b).
After the Middle Miocene, intensive subsidence of the basement of
the Pannonian Lake resulted in the deposition of a thick (1.5–4 km)
sedimentary succession. As a result of periodic subaquatic eruptions,
Late Miocene basaltic rocks are intercalated into the coeval sediments.
In the SE Pannonian Basin, most of the basaltic volcanics only subcrop,
however, they were encountered in several wells (e.g., Szabó et al.,
2016 and references therein). The age of these basaltic lava and pyr-
oclastic rocks was estimated 8–11.6 Ma in the Szeged Basin (Magyar
et al., 2004). The crustal thinning caused, contemporaneously with the
basaltic volcanism and intensive basin subsidence, a steep increase of
the heat ﬂow rate within the Pannonian Basin. During the Neogene
extension, the heat ﬂow rate increased from ca. 30mW/m2 to 110mW/
m2 (Dövényi and Horváth, 1988; Lenkey, 1999).
2.3. Petroleum system
The Szeged Basin and its surroundings (Algyő, Forráskút, Üllés,
Ásotthalom, Szeged ﬁelds) is one of the most important hydrocarbon-
producing areas in Hungary. Within the local petroleum system, the
major source rocks are Middle Miocene marls and carbonates and the
Upper Miocene Endrőd Calcareous Marl (e.g., Dank, 1988; Badics and
Vető, 2012 and references therein).
The Mesozoic formations overlain by Neogene sediments with sig-
niﬁcant thickness are mainly overmature, thus the potential Mesozoic
source rocks reached the dry-gas zone due to burial and heating caused
by thrusting during the Cretaceous (Póka et al., 1987; Árkai et al.,
2000). Their hydrocarbon charge was probably lost during the wide-
spread Late Cretaceous–Paleogene uplift and erosion events, as it is
general within the Tisza mega-unit (Badics and Vető, 2012 and refer-
ences therein).
On the other hand, the main seals are Middle to Upper Miocene
shale layers in the studied area. Generation of hydrocarbons occurred
Fig. 1. Geologic framework and major tectonic units of the Carpathian–Pannonian area (modiﬁed after Csontos et al., 1992). The gray patches represent orogenic
belts and mountains.
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from the Late Miocene or Pliocene to present-day, depending on the
rate and degree of the tectonically-induced subsidence (e.g., Horváth
and Dovenyi, 1988; Badics and Vető, 2012). Throughout the Szeged
Basin, anticlinal features (particularly compactional anticlines over
uplifted basement blocks), paleogeographic highs, growth faults, and
rollover structures are the main trap types in conventional plays (Kókai
and Pogácsás, 1991). The reservoir rocks are highly variable (e.g.,
fractured Variscan metamorphites, Mesozoic sandstones and carbo-
nates, Upper Miocene sandstones and fractured basalts) (see Dank,
1988; Kókai and Pogácsás, 1991; Szabó et al., 2009, 2016).
3. Samples and methods
The sampled well M− 1 is located on the southern margin of the
Szeged Basin (Fig. 2) and was drilled as a hydrocarbon exploration well
in 1974. The available 7 borehole core sections from the well M− 1
were sampled from the depth interval between 1179 and 1390m below
sea level and were taken for detailed petrography and geochemical
studies. Each sample (n= 11) belongs to the SDF and was provided by
the MOL Plc.
Micropetrography was done on thin sections of 30 μm thickness. In
order to distinguish calcite, dolomite, and ferroan variants, the thin
sections were stained with alizarin red-S and potassium ferricyanide as
described by Dickson (1966). Dolomite texture was described according
to the classiﬁcation scheme of Machel (2004). Fluorescence microscopy
was performed using an Olympus BX-41 microscope equipped with a
high pressure Hg lamp and ﬁlter sets for blue-violet (400–440 nm) and
ultraviolet (360–370 nm) excitation. Cathodoluminescence (CL) mi-
croscopy was carried out by a Reliotron VII type cold CL device
(Department of Mineralogy, Geochemistry and Petrology, University of
Szeged) operating at 8 kV and ∼600 μA.
Stable carbon and oxygen isotope analyses were done in the
Institute for Geological and Geochemical Research of the Hungarian
Academy of Sciences (Budapest). Thirty-ﬁve powdered samples were
taken for fabric-selective stable isotope analyses using a hand-held
dental drill. The dolomite powder was analyzed using the continuous
ﬂow technique with the H3PO4 digestion method (Rosenbaum and
Sheppard, 1986; Spötl and Vennemann, 2003). 13C/12C and 18O/16O
ratios of CO2 generated by acid reaction were measured using a Thermo
Finnigan Delta Plus XP continuous ﬂow mass spectrometer. The results
are expressed in the standard δ notation as permil (‰) relative to the
Vienna Pee Dee Belemnite (V-PDB) standard. Duplicates of standards
and samples were reproduced at better than±0.15 and ± 0.1‰, for
oxygen and carbon isotopes, respectively.
Eight fabric-selected, powdered dolomite samples (∼2mg) were
dissolved in 6M HCl and, after drying, loaded in 3M HNO3 onto dis-
posable 1ml pipette tip extraction columns with a ﬁtted frit and
charged with 200 μL of 50–100 mesh SrSpec™ resin. The elution recipe
essentially followed that by Horwitz et al. (1992), scaled to our needs,
where strontium is eluted/stripped by pure deionized water and then
the eluate dried on a hotplate. Strontium samples were then dissolved
in 2.5 μl of a Ta2O5-H3PO4-HF activator solution and directly loaded
onto previously outgassed 99.98% single rhenium ﬁlaments. Samples
were measured at 1250–1300 °C in dynamic multi-collection mode on a
VG Sector 54 IT mass spectrometer equipped with 8 F detectors (De-
partment of Geoscience and Natural Resource Management, University
of Copenhagen). The 86Sr/88Sr ratio was corrected to 0.1194 to ac-
commodate for thermal fractionation. Five nanogram loads of the NBS
Fig. 2. Generalized geological map of the basement of the Szeged Basin (modiﬁed after Haas et al., 2010), showing sampling locality.
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987 Sr standard gave 87Sr/86Sr= 0.710239 ± 0.000010 (n=5, 2σ).
All samples were normalized to 87Sr/86Sr= 0.710245 for international
comparability.
For ﬂuid inclusion (FI) study, representative samples containing
saddle dolomite and quartz phases were selected. Six double-polished
thick sections (50–80 μm) prepared following the instructions of
Shepherd et al. (1985) were studied for FI petrography, micro-
thermometry and Raman spectroscopy. Microthermomety began with
the mapping of thick sections for ﬂuid inclusions, and the FI assem-
blages were characterized following the criteria of Goldstein and
Reynolds (1994). Fluid inclusions that show petrographic evidence of
having undergone necking down were excluded from measurements.
Initial heating of samples was carried out to avoid the stretching of
inclusions caused by freezing of the liquid phase. In order to accurate
documentation of phase changes, stepwise 1 °C heating was applied,
checking all studied inclusions between steps. Microthermometry was
carried out using a Linkam THMSG-600 heating-freezing stage mounted
on an Olympus BX-41 microscope at the Department of Mineralogy,
Geochemistry and Petrology, University of Szeged. Synthetic FIs were
used for calibration at −56.6 °C, 0.0 °C and 374.0 °C. Temperatures of
homogenization (Th) and ﬁnal melting of ice (Tm (ice)) have standard
errors of± 1 °C (T > 100 °C) and±0.2 °C (T < 0 °C), respectively.
The Th and Tm (ice) values were usually determined by the cycling
method (Goldstein and Reynolds, 1994). Salinity values of the aqueous
inclusions were calculated from the ﬁnal ice-melting temperatures and
reported in mass percent (mass%) of NaCl equivalent (Bodnar, 1993).
Fig. 3. Regional transects across the SE Pannonian Basin (modiﬁed after Tari et al., 1999). For location see Fig. 1.
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If the presence of dissolved methane can be assumed in the inclu-
sions, the calculated salinity values need to be reduced to account for
the minor eﬀect of dissolved methane gas, or for the strong eﬀect of
methane hydrate clathrate, which tends to concentrate salts in the re-
sidual aqueous liquid. In the present study, these corrections cannot be
made quantitatively, because the concentrations of the methane in the
aqueous inclusions were not determined. The reported salinity values
therefore represent maximum values.
Raman microspectroscopy analyses were done on 41 ﬂuid inclusions
hosted in Cd-2 dolomite and 18 inclusions hosted in quartz. A confocal
Thermo Scientiﬁc DXR Raman Microscope (Department of Mineralogy,
Geochemistry and Petrology, University of Szeged) was used to detect
volatile phases in the FIs. All measurements were carried out with a
laser wavelength of 532 nm and 1–10mW laser power using a
100×objective lens. The spectral resolution of the instrument is
around 2 cm−1 and the spatial resolution is about 3–4 μm3. For quali-
tative evaluation, resulting Raman shifts were compared with the
Raman database provided by Frezzotti et al. (2012).
Hydrogen isotope composition of ﬂuid inclusion-hosted H2O in se-
parated portions of vein-ﬁlling Cd-2 saddle dolomite (M–1/10/1
sample) was determined by vacuum crushing at the Institute for
Geological and Geochemical Research of the Hungarian Academy of
Sciences (Budapest) following the method described by Czuppon et al.
(2014) and Demény et al. (2016). Separated chips of 2–3 g (3–5mm in
diameter) were placed in stainless steel tubes, pumped to vacuum, and
then crushed using a hydraulic press. The concentration and D/H ratios
of the released and vacuum distilled H2O were determined by a liquid
water isotope analyzer (LWIA) manufactured by Los Gatos Research Ltd
(model LWIA-24d). Stable isotope data for hydrogen are expressed in
the standard δ notation as permil (‰) relative to standard mean ocean
water (V-SMOW). The precision during repeated measurements was
better than 2‰ for δD values. The simultaneously measured δ18O data
were not interpreted because of high probability of oxygen isotope
exchange between the host mineral and inclusion hosted water after
trapping and during cooling of the host mineral. This process may shift
the original oxygen isotope composition of the inclusion water to more
negative values while the hydrogen isotope composition remains intact
(e.g., Naden et al., 2003; Demény et al., 2016).
4. Petrography
The most important petrographic features of the studied SDF sam-
ples are summarized in Table 1. Carbonate staining reveals that most of
the examined samples consist of non-ferroan dolomite. Only a few pore-
ﬁlling carbonate crystals and two host rock samples show pale mauve
or bluish color after staining indicating the presence of minor amount of
ferroan calcite. In the upper part of the studied section, fabric-preser-
ving or fabric-selective dolomite is predominant, while samples from
the middle to lower parts of the borehole M− 1 were mainly subject to
fabric-destructive dolomitization (Table 1).
Based on petrography, three types of matrix dolomites (Md-1 to Md-
3) and three types of cement dolomites (Cd-1 to Cd-3) are recognized.
Types of the matrix dolomites are the followings: (1) aphanocrystalline
to medium crystalline fabric-preserving dolomite (Md-1), (2) very ﬁ-
nely to ﬁnely crystalline fabric-destructive planar-s dolomite (Md-2),
and (3) medium to coarsely crystalline fabric-destructive, porphyr-
otopic, and transitional (planar-s to nonplanar-a) dolomite (Md-3). As
far as the cement dolomites are concerned the following types are
distinguished: (1) medium to coarsely crystalline planar-s dolomite (Cd-
1); (2) coarsely crystalline nonplanar-a saddle dolomite (Cd-2), and (3)
ﬁnely crystalline bituminous dolomite (Cd-3). Postdating the main
dolomitization events, sets of late stage calcite (Cal) and quartz (Qtz)
cement crystals, and stylolites were formed. Additionally, the distinct
dolomite fabrics are characterized by diﬀerent porosity types that are
also described below.
All of the studied rock specimens were aﬀected by various degrees
of brittle deformation and dissolution processes (Fig. 4a and b). Most of
the samples contain relatively small amount of hairline cracks and
fractures cemented by white sparry dolomite crystals. Subordinately,
brecciated samples are also present. Using the non-genetic classiﬁcation
of breccias described by Woodcock and Mort (2008), two samples
(M–1/10/1; M–1/13/1) were classiﬁed as crackle (Fig. 4a) and mosaic
breccias that contain 70–80% of cement with moderate clast rotation
with respect to each other. Polished and striated fault surfaces were also
observed in these monomictic breccias from the lower part of the stu-
died section.
4.1. Matrix dolomites
4.1.1. Md-1 dolomite
Macroscopically, this type of dolomite is generally gray colored with
darker and lighter patches (Fig. 4b). The fabric-preserving dolomite
textures described here can be classiﬁed into stromatolitic dolomites,
intraformational breccias and dolograinstones. Based on the micro-
petrographic observations, the dolomite crystal size varies according to
the grain size of the precursor carbonate phase, such that micritic grains
Table 1
Summarized petrographic features of the studied SDF samples, borehole M− 1 (Szeged Basin, Hungary). Abbreviations: Md=matrix dolomite; Cd= cement
dolomite; Cal= calcite; Qtz= quartz.
Sample ID Depth below sea level (m) Fabric preservation Lithofacies and preserved microfabric elements Matrix Dolomite Cement types
Fabric-preserving Fabric-destructive Major Minor
M-1/4/1 1179–1196 X – Stromatolite (fenestral laminated microbialite) Md-1 – Cd-2, Cd-3, Cal
M-1/4/2 X – Md-1 – Cd-2, Cd-3
M-1/4/3 X – Stromatolite with coated intraclasts, bioclasts Md-1 – Cd-2, Cd-3
M-1/5/1 1196.5–1201.5 X X Intraformational breccia with micrite-coated
intraclasts and peloids
Md-1, Md-
2
Md-3 Cd-2, Cd-3, Cal
M-1/5/2 – X Bioclast ghosts Md-2, Md-
3
– Cd-2, Cd-3
M-1/6/1 1212.5–1217.5 – X – Md-3 Md-2 Cd-2, Cal
M-1/7/1 1223–1230.5 – X Bioclast ghosts Md-2, Md-
3
– Cd-2, Cd-3
M-1/9/1 1262–1263.5 X X Bioclastic grainstone-packstone Md-1, Md-
3
– Cd-2
M-1/10/1 1275–1284 – X – Md-2 Md-3 Cd-1, Cd-2, Cd-3,
Qtz
M-1/10/2 – X – Md-2 Md-3 Cd-3
M-1/13/1 1390–1390.5 – X – Md-2 Md-3 Cd-1, Cd-2, Cd-3,
Cal
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are replaced with aphanocrystalline to ﬁnely crystalline dolomite,
whereas medium crystalline marine cements are replaced with medium
crystalline dolomite.
Microbialite textures in stromatolites are generally composed of
thin, dark, micritic laminae alternating with light-colored laminae of
ﬁnely to medium crystalline dolomite (Fig. 4c) and often contain irre-
gular fenestral voids. The grains are mainly bioclasts (crinoid skeletons,
fragments of bivalve shells), oncoids, peloids, and intraclasts. The latter
grains are often coated with later stage dolomicrite and their inner part
are alternately comprised of Md-1 and Md-2 dolomites (Fig. 4d and e).
Fluorescence microscopy on thin sections shows that the fabric-
preserving dolomites have yellowish–green ﬂuorescence with a crystal
size-dependent intensity, i.e., the zones characterized by larger crystals
display more intense ﬂuorescence (Fig. 4f and g). Under CL microscope,
the aphanocrystalline to ﬁnely crystalline dolomites display dull or-
ange-red luminescence, while the coarser crystalline dolomites are very
dull or non-luminescent (Fig. 4h and i).
4.1.2. Md-2 dolomite
The Md-2 dolomite is dark gray in hand specimens and has com-
pletely obliterated precursor sedimentary textures, only few echino-
derm fragments and ghost structures after bioclasts are found. This type
of dolomite displays mainly a planar texture composed of very ﬁnely to
ﬁnely crystalline subhedral crystals, which are generally cloudy or have
cloudy centers and clear rims (Fig. 5a). Crystal size distribution is re-
latively unimodal, ranging from 10 to 60 μm and dolomite crystals
exhibit sharp extinction under crossed polarized light (XPL). This type
of dolomite is non-ﬂuorescent under epiﬂuorescence microscope and
has no luminescence and/or dull red color under CL. Intercrystalline
pore spaces are generally occluded by opaque materials such as bi-
tumen (or pyrobitumen) and pyrite (Fig. 5a).
4.1.3. Md-3 dolomite
This type of dolomite is light gray in hand samples and generally
forms pockets and patches within the Md-1 or Md-2 dolomites (Fig. 5b
and c). Microscopically, it shows two diﬀerent textural appearances: (1)
euhedral dolomite crystals ﬂoating in the host matrix of Md-1 or Md-2
dolomite (Fig. 5d), and (2) cm-sized patches of tightly packed subhedral
to anhedral dolomite crystals (Fig. 5e). The transition between the
aforementioned two types is gradual. The dolomite crystals are gen-
erally inequigranular ranging from 100 to 1000 μm and the crystal size
increases towards the central part of the patches. The Md-3 dolomite
generally shows sharp extinction under XPL, but the largest anhedral
crystals frequently exhibit a weak undulatory extinction. Under CL,
dolomite crystals show blotchy, dull or very dull red luminescence and
have slight green ﬂuorescence under violet–blue excitation.
The Md-3 often occurs as a recrystallization product of the Md-1 or
Md-2 suggested by the presence of non-recrystallized relicts (Fig. 5f and
g), mosaic texture (Fig. 5e), and blotchy luminescence. The boundaries
are commonly sharp between the patches of Md-3 dolomite and the
postdated dolomites (Fig. 5h), but gradual transitions are also observed.
4.2. Cement dolomites
4.2.1. Cd-1 dolomite
The Cd-1 dolomite cement ﬁlls fractures, and cavities within the
brecciated samples (Table 1). This type of dolomite is generally char-
acterized by mosaics of medium to coarsely crystalline planar-s
Fig. 4. Characteristic types of hand specimens of the Szeged Dolomite Formation (a and b) and thin section photomicrographs (PPL) of fabric-preserving dolomites (c
to i). a) Crackle breccia texture; b) Md-1 dolomite with lighter patches of Md-3 phase. Black arrows point to pores lined by Cd-2 saddle dolomite; c) Stromatolitic Md-
1 dolomite; d and e) Micrite coated (white arrows) intraclast with Md-1 or Md-2 dolomite in its inner part, respectively; f and g) Crystal size dependent ﬂuorescence
of stromatolitic Md-1 dolomite; h and i) Crystal size dependent CL of Md-1 dolomite.
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dolomite (Fig. 6a), which has straight and rarely curved intercrystalline
boundaries. These limpid crystals show very dull homogenous lumi-
nescence under CL and bright green ﬂuorescence under epiﬂuorescence
microscope (Fig. 6b). These dolomite veins are commonly cross-cut by
later stage cement phases (Cd-2, Cd-3, and Cal) and their intercrystal-
line porosity is occluded.
4.2.2. Cd-2 dolomite
The Cd-2 dolomite cement has milky white color in hand specimen,
ranging from 250 μm to 2mm in crystal size, completely or partially ﬁlling
the cracks and cavities of the host dolomite. The crystals commonly have
curved faces (Fig. 6c) and display undulose extinction under XPL, thus
they can be deﬁned as saddle dolomite. Under CL microscope, saddle
dolomite crystals exhibit marked zonation deﬁned by alternating dark red
and bright red bands (Fig. 6d and e). The brighter bands are generally
connected to inclusion-rich zones. Except the brecciated samples, Cd-2
dolomite mostly occurs as the initial generation of cements. Saddle dolo-
mite crystals generally become coarser towards the pore center, showing a
drusy habit. The residual pore spaces are commonly open or occluded
subordinately by later quartz or calcite cement crystals.
Fig. 5. Thin section photomicrographs of fabric-destructive dolomite textures. a) Very ﬁnely to ﬁnely crystalline planar-s type Md-1 dolomite. Note pyrite in
intercrystalline pores (arrows), PPL; b) and c) Pore- and fracture-related patches of Md-3 dolomite, PPL and XPL; d) Medium-sized porphyrotopic Md-3 dolomite
crystals ﬂoat within a very ﬁnely crystalline dolomite. e) Tightly packed planar-s to nonplanar-a Md-3 dolomite with mosaic recrystallization texture, XPL. f) and g)
Remnant of an echinoderm skeleton surrounded by Md-3 dolomite, PPL and XPL. h) Sharp boundary between Md-2 and Md-3 dolomites, XPL.
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4.2.3. Cd-3 dolomite
This type of dolomite ﬁlls hairline cracks that commonly intersect
all matrix dolomite and cement phases (Fig. 6f and g). It consists of
ﬁnely crystalline dolomite that is followed by intercrystalline opaque,
mainly amorphous materials (solid bitumen and pyrite). This type of
dolomite displays bright red luminescence under CL. Epiﬂuorescence
microscopy reveals that both Cd-3 dolomite and bitumen have yel-
lowish-green ﬂuorescence.
4.3. Calcite and quartz (Cal and Qtz)
There are very minor amount of calcite and quartz cements that
occlude partly the remaining porosity which both postdate the Cd-2
saddle dolomite. The space-ﬁlling ferroan calcite occurs as millimeter-
sized massive crystals and contacts with Cd-2 saddle dolomite along
corroded crystal faces (Fig. 6h). These calcite crystals display greenish-
white ﬂuorescence under violet–blue light and exhibit bright orange to
non-luminescence zonation under CL (Fig. 6i). The space-ﬁlling quartz
cement was observed only in a brecciated sample (M-1/10/1) and it
occludes the intercrystalline porosity of Cd-2 saddle dolomite. It occurs
as blocky crystals with well-deﬁned boundaries and rare solid dolomite
inclusions (Fig. 6j). Quartz crystals are non-luminescent and non-
ﬂuorescent under CL and epiﬂuorescence microscopes.
4.4. Characteristics of pores
The types of pores in the studied rocks are mainly secondary dis-
solution pores, intercrystalline pores, open fractures as well as open
microstylolites. The principal pore space is given by irregularly shaped
cavities that are commonly millimeter to centimeter in size and lined by
Cd-2 saddle dolomite (Figs. 4b and 5b and c). The intercrystalline pores
between crystals of Md-3 and Cd-2 dolomites are generally polygonal
and represent a minor amount of the total porosity (Fig. 6k). Relatively
thin, open fractures are subordinately present in each sample and
Fig. 6. Thin section photomicrographs of fracture- and pore-ﬁlling minerals.
a) and b) Cd-1 dolomite cement within brecciated Md-2 matrix dolomite, PPL and ﬂuorescent micrographs; c–e) Zoned Cd-2 saddle dolomite with curved crystal
faces, PPL and CL; f) and g) Distinct types of matrix and cement dolomites intersected by late stage Cd-3 bituminous dolomite (white arrows), PPL and CL; h) and i)
Intercrystalline porosity occluded by ferroan calcite, PPL and CL; j) Cd-2 saddle dolomite crystals enveloped by quartz; k) Open fracture and intercrystalline porosity
(blue-epoxy impregnated); l) Microstylolite with blue-epoxy impregnated microporosity. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the Web version of this article.)
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connect cavities (Fig. 6k). Microstylolites are observed in most of the
studied samples and they mainly contain amorphous opaque materials,
however, in a few samples reopened microstylolites occurred re-
presenting a subordinate amount of porosity (Fig. 6l).
5. Carbon, oxygen, and strontium isotopes
The carbon, oxygen and strontium isotopic compositions of the SDF
samples are listed in Table 2 and plotted in Figs. 7 and 8a. For com-
parison, the 87Sr/86Sr ratios, δ13C and δ18O range of calcites pre-
cipitated in equilibrium with Middle Triassic seawater (Korte et al.,
2003, 2005), as well as the estimated isotopic composition of coeval
marine dolomites (cf. Major et al., 1992) are also plotted.
The δ18OV-PDB and δ13CV-PDB data of Md-1 dolomite range from
−1.81 to−2.96‰ and +1.50 to +1.13‰, respectively. The 87Sr/86Sr
values for this type of dolomite vary between 0.707896 and 0.707831.
The Md-2 dolomite samples have δ18OV-PDB values of −1.69 to
−4.18‰ and δ13CV-PDB values of +1.61 to +1.40‰. Their Sr isotope
ratios vary from 0.708313 to 0.707791. Sampling of pure Md-3 dolo-
mite was not accomplishable because of the porphyrotopic texture and
the relicts of the earlier dolomite phases. Thus, due to the high prob-
ability of mixing between distinct phases, measured isotopic data could
be interpreted as mixtures of Md-3 and Md-1 or Md-2 dolomites of
unknown proportion, and provide only indirect information about the
initial compositions. These composite samples display δ18OV-PDB values
from−3.66 to−4.85‰ and δ13CV-PDB values from +1.70 to +1.38‰.
The δ18OV-PDB and δ13CV-PDB values for Cd-1 dolomite vary from
−4.14 to −4.85‰ and from +1.62 to +1.40‰, respectively. On the
other hand, the Cd-2 dolomite samples display δ18OV-PDB values from
−6.34 to −9.24‰, δ13CV-PDB values from +1.84 to +0.55‰, and Sr
isotope ratios from 0.709674 to 0.708314. In the case of Cd-2 dolo-
mites, a negative shift can be observed in δ18O values towards higher
depths (Fig. 8a). Veins of Cd-3 dolomite were not measured because of
their small diameter and bituminous contamination.
6. Fluid inclusions
6.1. Fluid inclusion petrography and microthermometry
Microthermometric studies were made on two-phase (liquid-vapor)
aqueous ﬂuid inclusions of six samples of Cd-2 dolomite and one pore-
ﬁlling quartz sample. The overview of the microthermometric data is
given in Figs. 8b and 9. UV-light observations revealed the presence of
oil-bearing ﬂuid inclusions of pale-blue or violet ﬂuorescence, which is
typical for light oils or gas condensates (e.g., Stasiuk and Snowdon,
1997; Munz et al., 2002). These oil-bearing inclusions occur in both Cd-
2 and quartz crystals but they are quite rare (about 2–3% of the total
measured inclusions) and genetically indeterminable; therefore, they
were excluded from the detailed examinations.
6.1.1. Fluid inclusions in Cd-2 dolomite
Most of the aqueous ﬂuid inclusions (FIs) in the Cd-2 saddle dolo-
mite show variable shape (irregular to negative crystal shape), range in
size from about 2 to 15 μm, and have consistently low vapor/liquid
ratios. Each investigated FI homogenized into the liquid phase.
Primary FIs trapped along well-deﬁned growth zones and in the
cloudy, inclusion-rich cores of Cd-2 crystals. Homogenization tem-
peratures of these primary inclusions are between 138 and 235 °C
(n= 146), and ﬁnal melting temperatures are between −2.5 and
−5.7 °C (n= 40), indicating a salinity range between 4.1 and 8.7 mass
% NaCl equivalent. Spatial diﬀerences in Th or Tm (ice) within the same
sample were not observed; however, samples derived from the deeper
part of the borehole have signiﬁcantly higher (in average 30–40 °C) Th
values. For the better visualization of depth-related relationships, data
of the aforementioned ﬂuid inclusions are presented on boxplots
(Fig. 8b).
Secondary FI assemblages occur along fractures and trails cross-
cutting the growth zones of the studied Cd-2 dolomite crystals. These
FIs have homogenization temperatures ranging from 101 to 217 °C
(n= 25) and Tm (ice) from−0.3 to−23.3 (n=16) (Fig. 9), indicating
salinity values between 0.5 and 24.4 mass% NaCl equivalent. The low
ice melting temperatures indicate the presence of another solute com-
ponent (e.g., CaCl2, MgCl2) besides NaCl.
High variability in Th and Tm (ice) data may suggest the presence of
distinct secondary FIAs or may be the result of post-entrapment mod-
iﬁcation (e.g., re-opening and ﬂuid mixing or thermal re-equilibration).
6.1.2. Fluid inclusions in quartz
The investigated quartz crystals contain two-phase aqueous inclu-
sions, which are situated in groups along crystal-growth planes and can
be interpreted as primary in origin. Size of these inclusions ranges be-
tween 3 and 70 μm and their shapes vary among negative crystal,
rounded and amoeboid forms. These inclusions are homogenized to
liquid in a relatively narrow temperature range between 117 and 130 °C
(n= 24), while their ﬁnal ice-melting temperatures range between
−13.3 and−22.6 °C (n=10) which indicates a range of salinity values
between 17.2 and 24.4 mass % NaCl equivalent. The low Tm (ice) va-
lues can be explained by the presence of another solute component
(e.g., CaCl2, MgCl2) besides NaCl.
6.2. Results of Raman microspectroscopy
Fluorescence of host dolomite and small size of inclusions inhibited
Raman analysis of most of the examined FIs. However, at least 37 of 59
Table 2
Stable isotope data (δ13C, δ18O, and87Sr/86Sr) of diﬀerent types of the SDF
dolomite samples, borehole M− 1 (Szeged Basin, Hungary).
Sample ID Measured dolomite phase
(subsamples)
V-PDB 87Sr/86Sr (± σ)
δ13C δ18O
M-1/4/1 Md-1 1.13 −2.79
M-1/4/1 Md-1 1.50 −2.57 0.707831 ± 000006
M-1/4/1 Cd-2 1.41 −6.84 0.709187 ± 000006
M-1/4/2 Md-1 1.41 −2.96
M-1/4/2 Md-1 1.32 −2.26
M-1/4/2 Cd-2 1.46 −6.34
M-1/4/3 Md-1 1.27 −2.15
M-1/4/3 Md-1 1.26 −1.81
M-1/5/1 Md-1 1.21 −1.96 0.707896 ± 000004
M-1/5/1 Md-1 1.33 −2.43
M-1/5/1 Cd-2 1.20 −7.87 0.708845 ± 000008
M-1/5/1 Cd-2 1.47 −7.11
M-1/5/2 Mixture of Md-2 and Md-3 1.38 −4.02
M-1/5/2 Md-2 1.40 −2.45
M-1/5/2 Cd-2 1.23 −8.01
M-1/6/1 Mixture of Md-2 and Md-3 1.63 −3.66
M-1/6/1 Cd-2 0.81 −8.21
M-1/6/1 Cd-2 0.55 −9.12
M-1/7/1 Md-2 1.46 −2.14
M-1/7/1 Md-2 1.61 −1.69 0.707791 ± 000008
M-1/7/1 Cd-2 1.59 −6.95
M-1/7/1 Cd-2 1.22 −7.65 0.708314 ± 000006
M-1/9/1 Mixture of Md-1 and Md-3 1.70 −4.24
M-1/9/1 Mixture of Md-1 and Md-3 1.49 −4.78
M-1/9/1 Cd-2 1.84 −7.90
M-1/10/1 Md-2 1.43 −3.28 0.708313 ± 000008
M-1/10/1 Cd-2 0.77 −9.24 0.709674 ± 000006
M-1/10/1 Cd-2 1.73 −7.61
M-1/10/1 Cd-2 1.58 −8.42
M-1/10/1 Cd-2 1.58 −7.75
M-1/10/2 Md-2 1.41 −4.18
M-1/13/1 Md-2 1.57 −3.86
M-1/13/1 Mixture of Md-2 and Md-3 1.39 −4.19
M-1/13/1 Cd-1 1.62 −4.14
M-1/13/1 Cd-1 1.40 −4.85
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analyzed ﬂuid inclusions gave interpretable results.
The detected characteristic peaks were the CH4 (2917 cm−1), N2
(2331 cm−1), H2O vapor (board band between 3657 and 3756 cm−1)
and H2O liquid (board bands between 2750 and 3900 cm−1) (Frezzotti
et al., 2012).
Primary inclusions of Cd-2 dolomite do not contain detectable
amounts of Raman-active vapor or liquid species except H2O. Within
the same crystals, analysis of secondary FIs reveals that some of these
inclusions contain methane in the vapor phase (Fig. 9a). Each of these
methane-bearing inclusions contains only H2O in the liquid phase.
The most intensive and characteristic Raman spectra were displayed
by FIs hosted in quartz phase (Fig. 10). Most of these ﬂuid inclusions
contain CH4 and N2 in the vapor phase, while the coexisting liquid
phase contains exclusively H2O.
6.3. Hydrogen and oxygen isotopes
Analytical data on the hydrogen isotopes and the calculated
δ18Owater(V-SMOW) values of the Cd-2 saddle dolomite forming ﬂuid
are plotted in Fig. 11. Water extracted from ﬂuid inclusions of vein-
ﬁlling Cd-2 saddle dolomite of the M-1/10/1 sample have δDwater(V-
SMOW) values from−48.3 to−51.9‰ (n= 3). The abundance of the
secondary inclusions is considered too low to change signiﬁcantly the
bulk isotopic composition of the extracted water.
The δ18Owater(V-SMOW) value of the parent ﬂuid was calculated
from the Th and δ18ODolomite values of the same sample, using by the
dolomite–water fractionation equation of Land (1983), and vary be-
tween +9.2 and + 12.9‰ (Figs. 11 and 12).
7. Discussion
7.1. Paragenetic sequence
Based on detailed petrographic and geochemical investigations, the
paragenetic sequence is summarized in Fig. 13.
Due to the pervasive dolomitization and subsequent overprinting,
only the fabric-retentively dolomitized samples could provide in-
formation about the earliest diagenetic processes. These surface and
near-surface processes comprise the formation of micritic laminae, fe-
nestral pores, mosaic cement, intraclast re-deposition and encrustation.
The main dolomitization processes resulted in both fabric-retentive
and fabric-destructive dolomites, from which the Md-1 and Md-2
phases are predominant in the studied samples. The fabric-retentive
Md-1 dolomite contains signiﬁcant amount of aphanocrystalline to very
ﬁne crystalline dolomite and ﬁnely crystalline subhedral dolomite
mosaics, suggesting that the dolomitization processes probably took
Fig. 7. Cross-plots of δ13C (a) and 87Sr/86Sr (b) against δ18O values of the studied SDF dolomites. Fields depicted from the literature for the Middle Triassic marine
calcite (Korte et al., 2003, 2005) and calculated (cf. Major et al., 1992) for cogenetic marine dolomite.
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place under near-surface settings (Gregg and Sibley, 1984; Sibley and
Gregg, 1987; Machel, 2004).
The distribution of Md-2 dolomite seems generally to overlap with
Md-1 dolomite in the sequence, but it shows features indicative to
postdating in some cases as well. Both their continuous transition and
coexistent appearance in synsedimentary re-deposited intraclasts are
documented (Fig. 4d and e). This pattern can be explained by early
diagenetic dolomitization which resulted in two diﬀerent textures. The
origin of coexistent fabric-retentive and fabric-destructive dolomites is
controversial but can be explained by signiﬁcantly diﬀerent porosity or
mineralogy of initial carbonate mud, or by diﬀerent dolomitizing pro-
cesses within the same carbonate platform (Budd, 1997; Zhao and
Jones, 2012). The very ﬁne to ﬁne crystal size of the Md-2 dolomite and
its planar-s texture also support near-surface or shallow burial, low-
temperature conditions (Gregg and Sibley, 1984; Sibley and Gregg,
1987; Machel, 2004).
Coarser crystal size and anhedral crystal mosaics of the Md-3 do-
lomite, which are commonly associated with the surrounding of frac-
tures and vugs (Fig. 5b and c), point to crystallization at a higher
temperature and, probably, at a deeper burial depth (Gregg and Sibley,
1984; Sibley and Gregg, 1987; Machel, 2004). Transitions from Md-1 or
Md-2 to Md-3 dolomite and preserved relicts of earlier phases (Fig. 5f
and g) might indicate an aggrading neomorphism process.
Among the cement dolomites, the Cd-1 phase is associated
Fig. 8. Depth related δ18O and Th data measured on Cd-2 dolomite crystals. a) δ18O values of Cd-2 saddle dolomites of 6 core samples derived from distinct depths; b)
Box-plot diagram showing statistical distribution of Th values measured from 146 primary aqueous FIs in 6 samples from distinct depths. In the boxplots, the bottom
and the top of the box are the ﬁrst and third quartiles of the data, while the band inside the box indicates the median value. The ends of the whiskers represent one
and a half times the interquartile range (1.5*IQR). Outliers are plotted as individual circles while dots represent mean values of data sets.
Fig. 9. Graphical presentation of the results of ﬂuid inclusion analyses.
a) Final melting temperature vs. homogenization temperature cross-plot of the measured ﬂuid inclusion assemblages; b) Frequency histograms showing distribution
of ﬁnal ice-melting temperatures of distinct FIAs.
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commonly with the intensively brecciated samples representing the
lower part of the studied section. This cement type commonly postdates
the Md-1 and Md-2 phases but predates the Md-3 and all the other
cement phases. These features suggest a relatively early, tectono-ge-
netic origin.
The Cd-2 dolomite postdates the Md-1, Md-2, and Cd-1 phases and
shows genetic relationship with the Md-3 dolomite. The presence of the
saddle-shaped Cd-2 dolomite cement in vugs and fractures and the as-
sociated non-planar Md-3 dolomite in the host rock indicate elevated
formation temperature and intermediate to deep-burial setting (Radke
and Mathis, 1980; Machel, 2004). Its preferred occurrence in fractures
and vugs suggests the relevance of advective ﬂuid ﬂow as a main
controlling factor during formation of the Md-3 and Cd-2 dolomites.
Presence of the fracture- and pore-ﬁlling saddle dolomite in pebbles of
the overlaying Middle Miocene abrasional conglomerates is docu-
mented (Garaguly et al., 2017), thus the formation of Cd-2 saddle do-
lomite could precede the Paleogene to Middle Miocene exhumation of
the Middle Triassic beds. However, a multiple formation mechanism of
the saddle dolomite cements cannot be excluded.
The latest pore-ﬁlling phases are calcite, quartz, and Cd-3 dolomite,
that postdate all the matrix phases and Cd-2 cement, but their timing
relative to each other is uncertain. Among these phases, the calcite is
most probably meteoric in origin, as it is documented from similar
lithologies and geological settings (e.g., Nader et al., 2004; Gomez-
Rivas et al., 2014; Sirat et al., 2016; Mansurbeg et al., 2016; Guo et al.,
2016; Dong et al., 2017). The observed cathodoluminescence zonation
of calcite crystals (Fig. 6i) also supports this interpretation (Machel,
2000). Juhász et al. (2002) reported similar calcite inﬁlls of meteoric
origin from the metamorphic basement of the SE Pannonian Basin, thus
the studied calcite phase is likely related to the Paleogene to Middle
Miocene exhumation of the host formation. The Cd-3 dolomite veins are
associated with microstylolites (Fig. 6l) suggesting a burial environ-
ment which probably took place during the second identiﬁed burial
stage of the studied rocks, after the Middle Miocene. Hydrocarbon
migration is presumably related to the Cd-3 dolomite and quartz pre-
cipitation, because bitumen is aﬃliated to the fractures lined by the Cd-
3 dolomite. Additionally, methane and N2-bearing primary ﬂuid in-
clusions are present in quartz cement crystals, which are probably
Fig. 10. Representative Raman spectrum of vapor phase within a primary aqueous inclusion of pore-ﬁlling quartz. Intensity scale is in arbitrary unit (a.u.).
Fig. 11. δD and calculated δ18O composition plot (relative to V-SMOW). Field of the Cd-2 saddle dolomite forming ﬂuid is marked by cross-hatched rectangle. Fields
of primary waters and transitions are from Sheppard (1986) and Hoefs (2004).
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cogenetic with the secondary FIs in saddle dolomite. The aforemen-
tioned traces of hydrocarbons are likely to be related to the natural gas
reservoir that were explored by the M− 1 well.
7.2. Seawater-controlled early dolomitization processes (dolomitization
model for Md-1 and Md-2 phases)
Pervasive dolomitization of shallow marine calcareous sediments is
generally caused by multi-stage processes (Budd, 1997; Warren, 2000;
Machel, 2004). Distinction among these dolomitizing mechanisms and
explanations of their kinetic background are in the focus of scientiﬁc
interest since decades. As a result, several theoretical models were
proposed (Budd, 1997; Warren, 2000; Machel, 2004) and many fossil
records of dolomitic rocks were explained by them. In the case of fossil
dolomite occurrences, however, only indirect evidence could contribute
to the interpretation. In this section, the main dolomitization processes
are presented for Md-1 and Md-2 phases.
From among the widely accepted dolomitization models (e.g., Sun,
1994; Budd, 1997; Warren, 2000; Machel, 2004), the organogenic, the
reﬂux, and the geothermal seawater convection models seem to be
plausible processes which could have controlled dolomitization of the
main body of the SDF and produce the Md-1 and Md-2 dolomites.
Several studies have presented the signiﬁcance of microbial impact
on dolomitization of organic-rich peritidal carbonate deposits
(Vasconcelos et al., 1995; Wright, 2000; Mastandrea et al., 2006;
Bontognali et al., 2010; Preto et al., 2015; Haas et al., 2015; Hips et al.,
2015). The presence of similar, microbially mediated primary dolomite
or very high-Mg calcite is highly probable in the case of the studied
stromatolitic samples. Such primary precipitates could play a sig-
niﬁcant role during subsequent dolomitization. However, distinction of
organogenic dolomite from the mimetic replacements is extremely
diﬃcult in a completely dolomitized sediment but might be possible
through circumstantial evidence (e.g., Mastandrea et al., 2006; Preto
et al., 2015; Pertrash et al., 2017). Thus, this question requires further
investigations that fall outside the scope of this study.
During the Late Anisian–Early Ladinian, the investigated area was
located around the 30° N latitude and was characterized by a semi-arid
climate (Szulc, 2000; Feist-Burkhardt et al., 2008). Szurominé Korecz
et al. (2018) reported a fossil foraminifer assemblage from the SDF,
which they interpreted as a typical stress fauna probably indicating
waters of elevated salinity. The presence of desiccation cracks and fe-
nestral pores in the studied peritidal sediments also indicate slightly
restricted evaporitic conditions, however, the absence of evaporite
minerals and/or their relics suggest that the evaporated sea water did
not reach the salinity of the gypsum saturation level. Considering the
above ﬁndings, mesohaline seawater during the deposition of the stu-
died formations is very likely. Such mesohaline seawater has salinities
ranging from 37‰ to 140‰ (Warren, 2006) and typically plays a key
role on reﬂux dolomitization of the peritidal carbonates (Adams and
Rhodes, 1960; Simms, 1984; Sun, 1994; Budd, 1997; Warren, 2000;
Qing et al., 2001; Machel, 2004). Consequently, this deposit cannot be
regarded as a part of a typical hypersaline sabkha succession, but it
likely formed in a semi-arid peritidal environment and a signiﬁcant part
of its dolomitization was resulted by the reﬂux of the evaporated sea-
water. Reﬂux dolomitization is viable for pervasive dolomitization of
entire carbonate platforms through a relatively rapid time interval
(Whitaker and Smart, 1993; Whitaker et al., 2004; Machel, 2004) but
without a better understanding of the geometric conﬁguration and
hydrodynamics of the depositional environment of the SDF, a more
detailed interpretation cannot be given in a satisfactory manner.
Reﬂux dolomitization commonly occurs in near-surface settings but
it may reach more than 300m in depth by density-driven ﬂow of me-
sohaline seawater (Simms, 1984; Jones et al., 2004). The measured
δ18O values of Md-1 and Md-2 dolomites do not support completely the
reﬂux dolomitization model as isotopic signatures would be expected to
correspond to positive δ18O values. Moreover, the observed values
might be the result of either inﬂux of fresh water that shifts towards
more negative δ18O values of precipitates (e.g., Blendinger et al., 2015),
or dolomite formation and/or recrystallization at slightly elevated
temperatures during subsequent burial (Nielsen et al., 1994).
In summary, the pervasive dolomitization of the studied formation
can be considered to reﬂect the reﬂux of slightly evaporated seawater
(Fig. 14a) under semi-arid conditions. However, minor impact of other
dolomitization mechanisms (e.g., microbial dolomitization, geothermal
Fig. 12. Cross-plots of estimated crystallization temperatures against oxygen isotope data of Md-1, Md-2, and Cd-2 saddle dolomite. Contours are for isotope
composition of water in isotopic equilibrium with the dolomite, calculated using fractionation equation of Land (1983).
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seawater convection as well as later recrystallization) cannot be ex-
cluded. Such combination of mixed dolomitization processes is often
referred as the ‘seawater dolomitization’ model (Machel, 2004).
7.3. Burial and hydrothermal dolomitization
7.3.1. Petrographic evidence of leaching mechanism
As discussed above (section 4.1.3.), the textural context of the Md-3
dolomite occurrences suggests a genetic relationship with the vug and
fracture-forming processes and the Cd-2 dolomite cements. In general,
both Md-3 and Cd-2 are found in a close proximity to fractures and
oversized dissolution pores (vugs) occur as alteration halos (Figs. 4b
and 5b and c). The Md-3 dolomite often contains relics of Md-1 phases
(Fig. 5f and g) and shows various forms of textural transitions to earlier
dolomite phases (Fig. 5b–h). These observations suggest that the Md-3
dolomite could have formed in two distinct ways: (1) precipitation as
tightly packed cement crystals immediately adjacent to fracture walls
and oversized vuggy pores; (2) recrystallization of the former Md-1 and
Md-2 dolomites, which provided seeds for nucleation of the Md-3 that
became nuclei of later dolomite overgrowths.
Textural occurrence of distinct types of dolomites and pores ob-
served in the SDF suggest a similar history to that represented by
Lonnee and Machel (2006). Based on this study and our present ob-
servations, the studied samples may have undergone the following
processes: (1) fractures cut across all previously formed diagenetic
phases (Md-1 and Md-2, Cd-1); (2) hydrothermal ﬂuid undersaturated
with respect to dolomite were channeled to the rock body along these
fractures; (3) signiﬁcant dissolution took place along the fractures that
resulted in enlarged fractures and formation of oversized irregular
pores; (4) due to the dissolution of the wall rock, the hydrothermal ﬂuid
became saturated with respect to dolomite, consequently the dissolu-
tion ceased and replacive nonplanar dolomite (Md-3) formed im-
mediately adjacent to the fracture walls and pores; (5) during the latest
stage of hydrothermal ﬂow, the pores and fractures were partially ce-
mented by well-developed Cd-2 saddle dolomite that resulted in the
decrease of porosity. The lack of textural or geochemical evidence for
recrystallization of earlier matrix dolomites (Md-1 and Md-2) at greater
distances from the fractures and vugs suggests the ﬂuid-migration
pathway-related alteration.
The increased carbonate solubility can be explained by the cooling
of upward-moving formation waters (Giles and de Boer, 1989) but it
must be noted that waters of metamorphic origin generally also have
signiﬁcant leaching potential (Cartwright and Oliver, 2000; Yardley
and Cleverley, 2013).
7.3.2. Evidence of hydrothermal ﬂuid ﬂow
Saddle dolomite (Cd-2) is often considered as an indicator of hy-
drothermal dolomitization (Davies and Smith, 2006). However, without
Fig. 13. Paragenetic sequence and representative ﬂuid regimes during diagenetic history of the Szeged Dolomite Formation. Black rectangles represent distinct types
of dolomites; open rectangles indicate diﬀerent dissolution and fracturing events; gray rectangles represent other diagenetic events and phases. Note that multiple
stylolitization is documented by Garaguly et al. (2017).
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exact demonstrtion of that the formation temperature was signiﬁcantly
higher than the ambient host rocks temperature, this conclusion is
unsubstantiated (Machel and Lonnee, 2002). Proof of a hydrothermal
origin for dolomite can be given in several ways, such as combining
ﬂuid-inclusion homogenization temperatures with burial-thermal his-
tory plots, and by thermal analyses (e.g., vitrinite reﬂectance, clumped
isotopes, ﬂuid inclusions, etc.) to show a higher thermal anomaly with
respect to the host rocks within the same stratigraphic succession (e.g.,
Fig. 14. Schematic evolution history and main ﬂuid regimes during diagenesis of the studied SDF reservoir rocks. Wells from the Serbian part of the area refer to
Kemenci and Čanović (1997), while the Do–54 well refers to M. Tóth (2008). The western part of the B–B′ cross-section is based on the interpreted seismic sections of
Tari (1999) and Matenco and Radivojević (2012), that are located close to the studied area.
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Davies and Smith, 2006; Gomez-Rivas et al., 2014; Sirat et al., 2016;
Hips et al., 2016; Mansurbeg et al., 2016; Guo et al., 2016; Dong et al.,
2017).
Although no spatial diﬀerences of the Th values were observed in
Cd-2 saddle dolomite crystals from the same stratigraphic level, re-
markable diﬀerences were found among the Th values from distinct
depths. In addition, it is worth to mention that changes in homo-
genization temperature were accompanied by simultaneous variations
in the δ18O values of the Cd-2 saddle dolomite samples (Fig. 8).
Indeed, the six saddle dolomite (Cd-2) samples from diﬀerent stra-
tigraphic levels show systematic shifts in Th values with increasing
depth (Fig. 8b). In the upper part of the studied section (1179–1223m),
the samples display Th values ranging from 150 to 180 °C (with one
slightly higher volume), while the Th values of the sample at the base of
the section (1276m) vary between 200 and 230 °C. Consequently, the
ﬂuid inclusion Th data for the six measured Cd-2 dolomite samples fall
along a line of slope average 30–50 °C/100m, which indicates an ex-
treme high heat-ﬂow that could be interpreted as a result of a short-
term hydrothermal imprint.
Additionally, it must be noted that two samples derived from dif-
ferent depths (1262 and 1213m) show transitional signatures between
varying temperature end members (Fig. 8). The ﬁrst one can be inter-
preted as a transition between two samples, while the second one might
be the evidence of a paleotemperature inhomogeneity within a fossil
hydrothermal system. The simplest explanation for the relatively large-
scale changes in temperature with respect to depth might related to
corresponding changes in permeability that may refer to variations in
fracture density of the host rock. The fact, that the highest temperatures
occur in the fractured and brecciated samples also supports this theory.
Alternatively, it is possible to assume that the outlier Th values
represent the temperature of hydrothermalism while lower values are
in line with the ambient geothermal temperature during the pre-
cipitation of saddle dolomite.
Davies and Smith (2006) reported a case study, in which a similar
thermal anomaly was interpreted as the result of a short-term, high-
temperature transient during hydrothermal ﬂuid ﬂow leading to dolo-
mitization. Such anomaly also reﬂects the low thermal conductivity of
host rocks. Considering the above statements of Davies and Smith
(2006), the abrupt temperature gradient over a short distance
(30–50 °C/100m) within the studied section, and the petrographic
features demonstrate evidence for a mono-phase, short-term hydro-
thermal overprint.
7.3.3. Origin of ﬂuids
As discussed above, the Md-3 and Cd-2 dolomite phases might in-
dicate hydrothermalism. Therefore, their detailed investigation could
provide information about the source of the hydrothermal ﬂuids.
However, no measurable FIs were observed in the Md-3 dolomite
crystals but their nonplanar crystal-boundaries together with their af-
ﬁnity to the Cd-2 saddle dolomite support an elevated formation tem-
perature (Gregg and Sibley, 1984). The δ13C and δ18O data of the
samples containing either Md-3/Md-1 or Md-3/Md-2 dolomites fall
between the values of the low temperature dolomites (Md-1 and Md-2)
and high temperature Cd-2 saddle dolomite (Fig. 7a), reﬂecting a
mixture of these two end members. Thus, the pristine Md-3 dolomites
may have similar δ18O values as those of the Cd-2 dolomite.
The signiﬁcantly higher 87Sr/86Sr ratio of the Cd-2 dolomite than
those of the matrix dolomites (Md-1, Md-2) is a common feature
(Fig. 7b), that may be explained by the source of ﬂuids or by enhanced
water-rock interaction during ﬂuid ﬂow (Banner, 1995). Additionally,
the similar δ13C values of the studied dolomite types suggest that
carbon was inherited from the host dolostones (Hoefs, 2004). The fact
that the homogenization temperatures change in line with oxygen iso-
tope data (Figs. 8 and 12) suggests an equilibrium isotope fractionation
during precipitation of the Cd-2 dolomite cement (Land, 1983).
Combining the ﬂuid-inclusion homogenization temperatures with
the δ18O values from the Cd-2 dolomites and applying the dolomite-
H2O fractionation equation of Land (1983), it can be stated that all Cd-2
saddle dolomite samples were formed from a ﬂuid with a composition
ranging from +9.2 to +12.9‰ δ18Owater(V-SMOW) (Fig. 12). These
values fall on the border of magmatic and metamorphic waters com-
position (Sheppard, 1986; Hoefs, 2004) but due to the fact that Th va-
lues represent the minimum trapping temperatures (Goldstein and
Reynolds, 1994), the calculated δ18Owater(V-SMOW) values probably
underestimate the original ﬂuid composition. Hence, pressure correc-
tion of the homogenization temperatures would increase the calculated
δ18Owater(V-SMOW) values and shift them into the ﬁeld of metamorphic
waters.
Additionally, both the calculated δ18Owater(V-SMOW) and the
measured δDwater(V-SMOW) values of the FIs from the Cd-2 dolomite
indicate a metamorphic origin of the ﬂuid with some magmatic aﬃnity
(Fig. 11). This suggests that either one or both of them have contributed
to the hydrothermal alteration of the SDF.
Such an isotopic enrichment must be accompanied by corre-
sponding increase in salinity during the evolution of formation waters
(Sheppard, 1986; Hoefs, 2004). Thus, the moderate salinity (4.17–8.67
mass% NaCl equivalent) measured from the primary FIs of Cd-2 dolo-
mites paired with high δ18Owater values also support the proposed origin
of ﬂuids. According to several authors (Mullis et al., 1994; Cartwright
and Oliver, 2000; Pohl, 2011; Yardley and Cleverley, 2013) the devo-
latilization of rocks undergoing metamorphism could lead to similar,
low-salinity and δ18O-enriched metamorphogenic ﬂuids.
7.3.4. Timing of hydrothermal alteration
Timing of the aforementioned hydrothermal dolomitization and
formation of the connecting porosity is more diﬃcult than in the case of
early diagenetic matrix dolomites, but it might be possible through the
combination of indirect geochemical evidence and the regional geology
of the studied area. Fortunately, events that can serve as a source of
metamorphic (scenario A) and/or magmatic ﬂuids (scenario B) in the
study area, are restricted into a relatively narrow time interval during
the Late Cretaceous. These are the Turonian–Coniacian (Pre-Gosau)
nappe-stacking event and the subsequent calc-alkaline intrusive mag-
matism during the Campanian–Maastrichtian (Haas and Péró, 2004;
Szederkényi et al., 2013).
7.3.4.1. Scenario A: prograde metamorphic ﬂuids. The Late Cretaceous
orogenic phase resulted in widespread occurrence of subhorizontal
north-northwest-vergent thrusts throughout the studied area (e.g., Tari
et al., 1999; Matenco and Radivojević, 2012; Szederkényi et al., 2013).
Locally, thrusting induced a retrograde metamorphic overprint of the
Variscan crystalline basement rocks and caused a prograde
metamorphism of the post-Variscan sequences along overthrust zones
(Árkai et al., 2000; Árkai, 2001).
Furthermore, several studies highlighted the signiﬁcance of the Late
Cretaceous overthrust zones as ﬂuid migration pathways (e.g., M. Tóth,
2008; Papp et al., 2017). Additionally, corresponding to the increased
secondary porosity of the fractured basement zones, their hydrocarbon
storage capacity is also remarkable in the SE Pannonian Basin (Juhász
et al., 2002; Schubert et al., 2007; M. Tóth, 2008; Molnár et al., 2015;
Papp et al., 2017).
About 15–20 km northeast from the M− 1 well, a few-meter-thick
marble body was found along a shear zone within the metamorphic
basement (Do–54 well on Fig. 14). This marble might be formed by the
Late Cretaceous prograde metamorphism of the Mesozoic formations
(M. Tóth et al., 2017; Papp et al., 2017). Furthermore, it must be noted
that the marble body shows signs of post-metamorphic hydrothermal
alterations such as sulphide-mineralization and pore-ﬁlling saddle do-
lomite (M. Tóth et al., 2017; Papp et al., 2017).
There are several models to explain how metamorphic ﬂuids form
and are expelled into regions of lower pressure. One of these is the
“prograde metamorphogenic” model, in which the shear zones focuses
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upﬂow of metamorphic ﬂuids because of higher permeability (Oliver,
1986; Pohl, 2011 and references therein). This model seems applicable
to the studied formations.
Hydrothermal dolomitization induced by compressional tectonism
is also a well-documented phenomenon (e.g., Ronchi et al., 2012; Sirat
et al., 2016; Mansurbeg et al., 2016; Dong et al., 2017); however, in
contrast with our interpretation, in the most cases the hydrothermal
ﬂuids are identiﬁed as basinal brines or mixed magmatic and forma-
tional waters.
Considering the above ﬁndings, the ﬂuids highly enriched in δ18O
may have been derived from metamorphic devolatilization of a post-
Variscan–Mesozoic formation and the thrust zones within the SDF do-
lomite body could be the possible pathways for upﬂowing ﬂuids
(Fig. 14b).
7.3.4.2. Scenario B: contact metamorphic ﬂuids. The presence of the
Upper Cretaceous banatite intrusions within the SE Pannonian Basin is
widely accepted and referred by numerous authors (e.g., Horváth and
Árkai, 2002; Lelkes-Felvári et al., 2003; Haas and Péró, 2004; M. Tóth,
2008; Szederkényi et al., 2013); however, their detailed analysis and
geodynamic interpretation within the Alpine–Carpathian–Dinaric
tectonic system have not been done yet. Nevertheless, the banatitic
magmatism is well-documented in the Apuseni Mountains (e.g., Berza
et al., 1998; Merten et al., 2011; Ciobanu et al., 2002; Neubauer, 2002
and references therein), in the eastern part of the Tisza mega-unit.
Therefore, the Apuseni Mountains have a more or less analogue
geological evolution than that of the studied area (Haas and Péró,
2004).
The banatitic magmatism in the Apuseni Mountains and the Banat
region was frequently accompanied by thermal and metasomatic
transformation of the surrounding rocks. The most typical products of
these transformations in the contact aureoles of the banatites are skarns
and hydrothermal alterations (Ilinca et al., 2011; Ilinca, 2012 and re-
ferences therein). Several types of skarns have been distinguished
(Vlad, 1997) and some of them may develop along magmatic-sedi-
mentary contacts but they often form distal bodies along fractures or
thrust planes or highly brecciated metasomatic columns. Cases of large
scale Ca⇔Mg transfer reactions, resulting in dolomitization of lime-
stones or in dedolomitization, have also been observed (Vlad, 1997;
Ilinca et al., 2011; Ilinca, 2012 and references therein).
Mantle-derived magma has typically low 87Sr/86Sr ratios and this
feature makes ﬂuids of such origin distinguishable (e.g., Dong et al.,
2013; Jacquemyn et al., 2014). However, corresponding to the upper
crustal contamination (Berza et al., 1998), banatites of the Apuseni
Mountains yield elevated 87Sr/86Sr ratios (up to 0.709). This elevated
radiogenic strontium content reconciles more or less with the enriched
radiogenic Sr content of the studied Cd-2 saddle dolomite.
According to the previous papers, several hydrothermal dolomite
occurrences were documented as byproduct of intrusive magmatism
(e.g., Lavoie et al., 2010; Dong et al., 2013; Jacquemyn et al., 2014;
Dong et al., 2017). Some of them occur in the immediate vicinity of the
contact metamorphic marble bodies (e.g., Dong et al., 2013; Jacquemyn
et al., 2014), but the contribution of metamorphogenic waters is gen-
erally subordinate and/or underestimated.
In conclusion, magmatic and/or contact-metamorphic origin of the
hydrothermal ﬂuids related to the crystallization of the studied SDF
saddle dolomites is also possible (Fig. 14b).
7.4. Reservoir formation and hydrocarbon accumulation
Dolomite hydrocarbon reservoirs generally contain multiple gen-
erations of dolomite and porosity (Machel, 2004). Understanding their
genesis and timing relative to hydrocarbon maturation and migration
could aid in exploration and development.
As discussed above, the studied reservoir rocks contain signiﬁcant
amount of secondary porosity that were formed by the leaching eﬀect of
the hydrothermal ﬂuids during the Late Cretaceous. After the
Cretaceous, long-standing exhumation processes aﬀected the study area
that resulted in the erosion of overlying sequences and the deposition of
Middle Miocene abrasional sediments. Meteoric calcite cements could
have been connected to this subaerial exposure stage (Fig. 14c). During
this time, the previously formed vuggy and fractured porosity were
partly occluded but a remarkable part was preserved, and currently
serves as reservoir space.
Considering the basement maps (Fig. 2) and interpreted seismic
transects compiled from the surrounding of the studied area (Tari et al.,
1999; Matenco and Radivojević, 2012), it can be stated that the M− 1
exploration well is probably located in the northeastern ﬂank of a large
basement high and was drilled above the top of a roll-over anticline
and/or rotated basement blocks, that were formed during and/or after
the Middle Miocene syn-rift phase. After the basin subsidence, during
the Late Miocene an inversion phase is also characteristic, while the
basement was covered by Middle Miocene to Quaternary sediments
(Radivojević et al., 2010; Pigott and Radivojević, 2010; Matenco and
Radivojević, 2012). All these processes could have led to the formation
of structural traps on the top of the Middle Triassic sequences covered
by Middle to Upper Miocene seals.
According to numerous authors (Dank, 1988; Teleki et al., 1994;
Badics and Vető, 2012 and references therein), the recently produced
hydrocarbons of the basement highs of the SE part of the Pannonian
Basin most likely were generated in the adjacent overpressured sub-
basins, and the sources of the hydrocarbons are believed to be the
Middle to Upper Miocene shales. Such a deep sub-basin with thick
Neogene sequences is located northeast of the studied M− 1 well.
Thus, the reservoir exposed by the M− 1 well likely was charged from
these Neogene sequences through the fractured rocks of the pre-Neo-
gene basement (Fig. 14d).
The hydrocarbon charge of the reservoir probably occurred from the
Late Miocene or Pliocene to present-day and is indicated by: (1) me-
thane and N2-bearing primary ﬂuid inclusions in the pore ﬁlling quartz
phase; (2) methane-bearing secondary ﬂuid inclusions in the saddle
dolomite, (3) late-stage bitumeniferous dolomite veins (Cd-3).
8. Conclusions
Based on detailed petrographic and geochemical investigations as
well as carbon, oxygen, hydrogen and strontium isotope analyses, the
following conclusions can be drawn about the studied reservoir rocks:
1 The studied Middle Triassic Szeged Dolomite Formation was de-
posited in a carbonate platform under semi-arid conditions. The
main dolomitizing processes were controlled by the reﬂux and
density-driven circulation of mesohaline seawater in the ancient
platform. These processes took place from the near surface realm
and by the time the succession passed through the shallow burial
realm, it was completely dolomitized.
2 The nonplanar matrix dolomite (Md-3) and the saddle dolomites
(Cd-2) are not cogenetic with the earlier types of the matrix dolo-
mites. Instead, they formed through the high temperature alteration
of matrix dolomite by way of invasion of exotic ﬂuids.
3 The results of ﬂuid inclusion analysis of saddle dolomite suggest an
extremely high, 30–50 °C/100m paleogeothermic gradient that
could be explained by the heating eﬀect of a mono-phase, relatively
short-term hydrothermal ﬂuid ﬂow. The temperature diﬀerences
may relate to the inhomogeneous permeability distribution within a
fracture-related hydrothermal system.
4 Based on the calculated δ18Owater and ﬂuid inclusion δDwater values,
the hydrothermal ﬂuids are metamorphogenic and/or magmatic in
origin and they probably were channeled along the Upper
Cretaceous subhorizontal overthrust zones.
5 The studied reservoir rocks contain signiﬁcant amount of secondary
porosity that were formed by the leaching eﬀect of the hydrothermal
I. Garaguly et al. Marine and Petroleum Geology 98 (2018) 270–290
287
ﬂuids during the Late Cretaceous. These pores were partly occluded
by meteoric calcite during the Paleogene–Middle Miocene subaerial
exposure but a remarkable part was preserved.
6 Methane-bearing primary ﬂuid inclusions in the pore ﬁlling quartz
phase, secondary ﬂuid inclusions in the saddle dolomite, and the
late-stage bituminiferous dolomite veins (Cd-3) indicate that the
hydrocarbon charging of the reservoir occurred from the Late
Miocene or Pliocene to present-day.
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